1. Introduction {#s0005}
===============

A novel virus caused an outbreak of pneumonia began from Wuhan, Hubei Province, China. The virus involved in the event was identified as the seventh coronavirus, becoming the third zoonotic human coronaviruses (HCoV) of the century, and posing serious threats to international health. The International Committee on Taxonomy of Viruses (ICTV) has announced that the novel coronavirus is officially classified as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The World Health Organization (WHO) announced that the official name of the disease caused by the virus is Coronavirus Disease 2019 (COVID-19).

Coronaviruses (CoVs) are enveloped viruses with a single-stranded, positive-sense RNA genome, which is the largest discovered genome of RNA virus [@b0005]. Before the appearance of SARS-CoV-2, 6 HCoVs have been discovered by researchers, including HCoV-229E, HCoV-HKU1, HCoV-NL63, HCoV-OC43, Severe Acute Respiratory Syndrome (SARS) CoV and Middle East Respiratory Syndrome (MERS) CoV [@b0010]. There are currently 7 CoVs (including SARS-CoV-2) that can cause human respiratory diseases, but to date, only SARS-CoV, MERS-CoV, and SARS-CoV-2 have caused a large outbreak with high mortality.

The ongoing continuation and spread of the COVID-19 pose challenges for public health control. On 30 January 2020, WHO has declared the prevalence of COVID-19 is a Public Health Emergency of International Concern (PHEIC). More than 3.5 million cases of laboratory-confirmed COVID-19 and 250,000 deaths worldwide have been reported globally in early May 2020 [@b0015]. By the end of June 2020, there were nearly 10 million confirmed cases and nearly 5 million deaths of COVID-19, and the number of positive cases and deaths is still rising, posing a serious threat to international health [@b0020].

During the COVID-19 pandemic, virus detection based on culture is an important tool for virus pathogenesis research, but the culture cycle is too long, so it is not suitable for the rapid detection of viruses related to acute infectious diseases. Nucleic acid tests can rapidly and sensitively identify pathogens in suspected or confirmed COVID-19 patients, but large amounts of genetic variation in RNA viruses, and mismatches of primers, probes, and target sequences may result in reduced detection performance and false-negative results [@b0025], [@b0030]. Suspects with positive chest computed tomography scans may present negative results for SARS-CoV-2 by reverse-transcriptase polymerase chain reaction (RT-PCR) [@b0030]. In addition, nsopharyngeal samples that contain weak viral RNA were identified as negative by a point-of-care test, Abbott ID NOW [@b0035]. Therefore, the interpretation of nucleic acid test results must be careful and negative results cannot be excluded. Serological surveys can aid the investigation of an ongoing outbreak and retrospective assessment of the attack rate or extent of an outbreak. Detection of SARS-CoV-2 IgM and IgG antibody in vivo as a supplement to molecular diagnostic methods [@b0040]. Genomic sequencing has been playing an irreplaceable role in the identification of emerging viruses [@b0045]. In this review, we describe the current laboratory diagnosis of SARS-CoV-2 infection. It is hoped that these information will contribute to the rapid and accurate laboratory diagnosis and treatment of COVID-19 in clinical laboratory.

2. Origin and transmission of SARS-CoV-2 {#s0010}
========================================

SARS-CoV-2 is a beta-CoV belong to the subgenus *sarbecovirus*, *Orthocoronavirinae* subfamily based on sequence analysis [@b0050]. SARS-CoV-2 binds to the same cell entry receptor, Angiotensin Converting Enzyme 2 (ACE2), to infect humans, as SARS-CoV [@b0040]. SARS-CoV-2 ranges between 50 and 200 nm in diameter and contains a 29,881 bp genome [@b0055]. SARS-COV-2 genome encodes at least four structural proteins called nucleocapsid (N), spikes (S), envelope (E), and membrane (M), respectively. The N protein holds the viral genome, while S, E and M construct the viral envelope. Among them, S protein mediates virus entry into the host cell and determines to a certain degree the host range during virus infection [@b0060].

Upon virus genome sequencing, SARS-CoV-2 shares 88% identity to two bat SARS-like CoVs (bat-SL-CoVZC45 and bat-SL-CoVZXC21) and 79% identity to SARS-CoV, but only 50% identity to MERS-CoV [@b0065]. The genome of SARS-CoV-2 was closely related to that of Bat CoV RaTG13, showing 96.2% overall genomic sequence identity [@b0040], indicating that human SARS-CoV-2 and bat CoV may share the same ancestor. It was reported CoVs identified in pangolins with 90% sequence identity to SARS-CoV-2 by protein sequence alignments and phylogenetic analysis [@b0070], [@b0075], suggesting pangolins are the most likely intermediate hosts for SARS-COV-2. However, the outcome of phylogeny analyses does not necessarily support the view that pangolin is the exact intermediate host of SARS-CoV-2, and other animals may also serve as intermediate hosts [@b0080]. A recent study reported that similar ACE2 receptor residues were found in some species other than pangolin, such as turtles and snakes, which supplies more possibilities for alternative intermediate hosts [@b0085]. In sum, host ranges and animal reservoirs of SARS-CoV-2 still need to be explored.

SARS-CoV-2 is mainly transmitted through contact, respiratory droplets and the potential route of fecal-oral. The estimated reproductive number (R0) of SARS-CoV-2 ranges from 2.2 to 5.7 [@b0090], [@b0095], [@b0100], while the reported R0 of SARS-CoV is around 3 [@b0105]. It is speculated that the primary virus replication occurs in the mucosal epithelium of the upper respiratory tract (pharynx and nasal cavity), and further multiplies in the mucosa of the lower respiratory tract and gastrointestinal tract, causes mild viremia [@b0110]. A study based- hospital survey found that the maximum propagation distance of aerosols containing SARS-CoV-2 virions might be 4 m from the patients with COVID-19 [@b0115]. Neeltje et al. revealed that SARS-CoV-2 aerosols remained infectious in the tissue culture experiments, and the infectivity only decreased slightly during a 3-hour observation period [@b0120]. Several recent studies have reported that SARS-COV-2 was detected in stool samples [@b0125], [@b0130], [@b0135]. Although these evidence indicate that SARS-CoV-2 may also be an enterovirus that can be transmitted through the fecal-oral route, these discoveries are based on the situation of very few patients and more researches are warranted.

3. Clinical specimens for SARS-CoV-2 testing {#s0015}
============================================

Similar to other infectious diseases, appropriate specimen collection is the key step in the laboratory diagnosis of COVID-19. Acceptable specimens include upper respiratory tract specimens, lower respiratory tract specimens, stool specimens, whole blood specimens, and serum specimens, and the respiratory secretions is the most frequently sample for diagnosis [@b0140]. Currently, SARS-CoV-2 has been detected in nasopharyngeal swabs [@b0145], [@b0150], oropharyngeal swabs [@b0125], [@b0150], throat swabs [@b0145], [@b0155], sputum [@b0145], [@b0155], [@b0160], bronchoalveolar lavage fluid (BALF) [@b0050], [@b0055], [@b0165], whole blood [@b0125], serum [@b0125], stool [@b0125], [@b0130], [@b0135], urine [@b0170], [@b0175], saliva [@b0180], [@b0185], [@b0190], rectal swabs [@b0170], [@b0195] and conjunctival swabs [@b0200], [@b0205].

With limited understanding of COVID-19, it is difficult to exclude SARS-CoV-2 infection based on a single negative PCR result, especially when testing was used for upper respiratory tract specimens. Collection and detection of lower respiratory tract specimens are strongly recommended even if the upper respiratory tract specimens are negative, especially in patients with severe or progressive conditions [@b0210]. ACE2 is mainly distributed in alveolar type II epithelial cells [@b0085], suggesting lower respiratory tract specimens (including sputum, tracheal aspirates, BALF) may contain high viral RNA loads. Yu et al. compared the average viral load in sputum, throat swabs and nasal swabs from 127 confirmed or suspected COVID-19 patients. The study found that the average viral load in sputum (17429 ± 6920 copies/test) was obviously higher than in nasal swabs (651 ± 501 copies/test) and throat swabs (2552 ± 1965 copies/test) [@b0155]. Besides, a high viral load of 10^8^ copies per milliliter was detected in the sputum of an asymptomatic patient five days after symptoms onset in Germany [@b0160]. These findings indicate a higher viral load in lower respiratory tract samples. Zhang et al. analyzed the virus dynamics in oral and anal swabs of 16 COVID-19 patients who had been treated for about 10 days. Most of the cases were detected positive to SARS-CoV-2 from oral swabs (8/10, 80%) on the day of the first sampling. However, 5 days after the first sampling, the positive rate of the anal swab (6/8, 75%) was higher than that of the oral swab (4/8, 50%) by nucleic acid test, indicating a change from more oral swabs positive during the early period to more anal swabs positive during the later period [@b0125].

In addition to the most common respiratory specimens, it should be noted that SARS-CoV-2 has been frequently detected in non-respiratory specimens. It was reported that SARS-CoV-2 was detected in the urine sample from one confirmed COVID-19 patient, although no urinary irritation was found [@b0215]. Recently, SARS-CoV-2 was frequently detected in saliva samples of COVID-19 patients during infection [@b0180], [@b0185], [@b0190]. SARS-CoV-2 was identified in the saliva specimens from 11 out of 12 COVID-19 patients by RT-PCR. The viral load monitoring of serial saliva generally showed a downward trend after hospitalization [@b0180]. In another study, SARS-CoV-2 RNA was detected in the posterior oropharyngeal saliva of 20 (87%) patients. The viral load in saliva was highest in the first week after symptom onset and decreased over time [@b0185]. Jonathan et al. simultaneously assessed posterior oropharyngeal saliva and nasopharyngeal swab specimens for the detection of SARS-CoV-2 using an automated Xpert® Xpress SARS-CoV-2 assay. In this study, 84.5% (49/58) patients tested positive in both saliva and nasopharyngeal swab, 5.2% (3/58) patients tested positive in saliva only and 10.3% (6/58) patients tested positive in nasopharyngeal swab only [@b0190]. These studies indicated that saliva can be used as a promising non-invasive sample for diagnosis, monitoring and control of COVID-19. Furthermore, tear and conjunctival swab samples from 2 out of 60 COVID-19 patients were detected positive to SARS-CoV-2 by RT-PCR [@b0205]. However, the virus was not successfully isolated and cultured in the conjunctival secretion, and more studies are needed to be evaluated.

Currently, the virus has not been detected in cerebrospinal fluid, pericardial effusion, peritoneal effusion, posterior fornix, joint fluid, peritoneal exudate, semen, female reproductive tract secretions and other samples. Although no virus has been detected in these specimens until now, it is also recommended that these be treated as infectious specimens. Further investigations are needed to identify whether these specimens may spread the virus.

4. Type of nucleic acid tests for SARS-CoV-2 detection {#s0020}
======================================================

According to SARS-CoV-2 genomes released on public databases, specific primers and probes designed for the target genes can realize the laboratory diagnosis of COVID-19. So far, the gene targets were used to detect SARS-CoV-2 include nucleocapsid (N), envelope (E), spike (S), RNA-dependent RNA polymerase (RdRP) and open reading frame1ab (ORF1ab) genes [@b0220]. As the gold standard test for SARS-CoV-2 identification, real time quantification RT-PCR (qRT-PCR) is the routine confirmation test recommended by WHO. However, due to the time-consuming process, the requirements of expensive equipment and biosafety conditions, this test is not suitable for point-of-care diagnosis. Point-of-care tests are not only suitable for clinical laboratories, but also can be performed by trained non-laboratory personnel in patient care facilities, such as physicians' offices or Emergency Departments, making the diagnostic test of SARS-CoV-2 closer to the patient. The number of commercially available point-of-care tests for SARS-CoV-2 is increasing. A comparison of different nucleic acid amplification of SARS-CoV-2, including Lab-based tests and point-of-care tests, is shown in [Table 1](#t0005){ref-type="table"} **.** Table 1Advantages and disadvantages of the laboratory diagnostic methods for SARS-CoV-2.Diagnostic approachMethodTesting scenariosAdvantagesDisadvantagesReferenceNeutralization testsVNT and PVNTBSL-2 or BSL-3 laboratories, pathogen laboratoriesAuthoritative, simple, low cost, reliable, high sensitivityTime-consuming, long-period, laborious, perform in BSL-3 or BSL-2 lab[@b0390], [@b0400], [@b0470], [@b0475]PCRqRT-PCR\
\
\
\
Nested RT-PCR\
\
BSL-2 laboratories, public health institutes, quarantine depots\
BSL-2 laboratories, prefectural and municipal public health institutes, quarantine depotsHigh specificity, not require expensive equipment, time-saving\
\
High sensitivity, specificity was higher than that of RT-PCR, suitable for detect low-copy-number viruses, time-savingComplex pretreatment steps, requires skillful, false negative\
\
Complex pretreatment steps, requires skillful,\
manpower, the second PCR amplification may caused cross-contamination[@b0520], [@b0525], [@b0255], [@b0260]ddPCRBSL-2 laboratories, public health institutes, quarantine depotsQuantitative, sensitive, suitable for detect samples with low viral load, independent of a traditional standard curveSusceptible to exogenous contamination, expensive than qRT-PCR, calibrant materials need to be defined[@b0270], [@b0275]Nanoparticles -based amplificationBSL-2 laboratories, environmental testing institutionsHigh sensitivity, adopted in fully-automated RNA extraction systems, excellent RNA binding performancesComplex pretreatment steps, requires skillful, expensive than qRT-PCR, with the risk of photobleaching[@b0285], [@b0295], [@b0300]RT-LAMPBasic laboratories, community nursing sitesTime-saving, thermostatic, sensitive, user-friendly, sophisticated equipment-freeEasy to be contaminated and cause false-positive, nonspecific amplification cannot be easily identified, requires skillful[@b0280], [@b0285], [@b0290]Portable benchtop-sized analyzersClinical laboratories, physicians\' office, emergency departmentsAutomatic, portable, rapid, not requires trained staffInconsistent performance, may lack sensitivity in weakly positive samples[@b0310], [@b0315], [@b0320], [@b0325], [@b0330], [@b0335], [@b0340]Immunological diagnosticELISAClinical laboratories, public health institutesQuantitative detection, simple,\
a low risk of infection, convenient, stable reagentTime-consuming, low sensitivity, cross-reactivity, expensive monoclonal antibody, low-throughput[@b0390], [@b0395]IFAClinical laboratories, pathogen laboratories, public health institutesAvoid the interference of endogenous biotin and contamination of antigens in the bloodNon-specific fluorescence, subjective, low-throughput, time-consuming[@b0390], [@b0400].CLIAClinical laboratories, public health institutesAutomatic, rapid, quantitative,\
high sensitivity, broad linear range, stable resultsSophisticated instruments, high requirements for equipment and environment, not suitable for detect whole blood samples,[@b0405], [@b0410], [@b0415], [@b0420]LFAClinical laboratories, physicians\' offices, emergency departments, community service stationsRapid,\
convenient,\
on-site screening,\
inexpensive, small sample volumeLow sensitivity, cross-reactivity, inconsistent performance, not suitable for early diagnosis, low-throughput[@b0425], [@b0430], [@b0435], [@b0440]Microarray and microfluidic chipClinical laboratories, emergency departments, community service stationsSmall size, high sensitivity, automatic, high-throughput, portableCore technologies lack norms and standards, high cost, nonspecific binding of proteins[@b0445], [@b0450], [@b0455], [@b0460]Genome sequencingMetatranscriptomic sequencingBSL-2 laboratories, genetic testing centres, research laboratoriesSimple, reduce the cost, does not claim a reference sequenceIncrease cost, sophisticated instruments, insufficient coverage and depth\
[@b0055], [@b0065]\
Nanopore targeted sequencingBSL-2 laboratories, genetic testing centres, research laboratoriesBroad detection range, rapid turnaround time, long-read, high-accuracy, monitor the variationIncrease cost, sophisticated instruments, requires skillful\
[@b0485]\
\
Amplicon se quencingBSL-2 laboratories, genetic testing centres, research laboratoriesConvenient, high sensitivity, suitable for detect samples with low viral load, economicalSophisticated instruments, not be used to sequence highly diverse or recombinant\
viruses[@b0480]\
Hybrid capture -based sequencingBSL-2 laboratories, genetic testing centres, research laboratoriesHigh sensitivity, suitable for detect intra-individual variationsSophisticated instruments, not be used to sequence highly diverse or recombinant\
viruses[@b0480]

4.1. Manual laboratory-based nucleic acid tests {#s0025}
-----------------------------------------------

### 4.1.1. Real-time quantification RT-PCR {#s0030}

The WHO website provides several qRT-PCR protocols for detecting SARS-CoV-2 in different countries [@b0220]. The gene targets for detection SARS-CoV-2 are different in China (ORF1ab and N genes), Germany (RdRP, E and N genes), United States (three targets in N gene), France (two targets in RdRP), Thailand (N gene), and Japan (pancorona and multiple targets, spike protein). RT-PCR tests/primers for SARS-CoV-2 in different institutions are shown in [Table 2](#t0010){ref-type="table"} . Relative positions of amplified targets on SARS-CoV-2 genome are shown in [Fig. 1](#f0005){ref-type="fig"} **.** The centers for disease control and prevention (CDC) established a RT-PCR panel for specific detection SARS-CoV-2 and universal detection SARS-like beta-CoVs. Three sets of different primers were designed for the N gene, one set of primers/probes was used universally detect all beta-CoVs, while the other two were specific to identify SARS-CoV-2. The confirmation of COVID-19 must be positive for all three targets [@b0225]. Two nucleic acid tests for detection RdRp and E genes of SARS-CoV-2, SARS-CoV and bat-like beta-CoVs were developed by Charite, Germany. Both tests are positive could enter the next step of the test, namely the SARS-CoV-2 specific RT-PCR test for RdRp gene [@b0230].Table 2RT-PCR tests/primers for SARS-CoV-2 in different institutions.InstituteGene targetProbe (5′-3′)Former primer (5′-3′)Reverse primer (5′-3′)ReferenceChina CDCORF1ab geneFAM-CCGTCTGCGGTATGT GGA AAGGTTATGG-BHQ1CCCTGTGGGTTTTACACTTAAACGATTGTGCATCAGCTGA[@b0530]N geneFAM-TTGCTGCTGCTTGACAGA TT-TAMRAGGGGAACTTCTCCTGCTAGAATCAGACATTTTGCTCTCAAGCTGUS CDCN1 targetFAM-ACCCCGCATTAC GTT TGGTGGACC-BHQ1GAC CCC AAA ATC AGC GAA ATTCT GGT TAC TGC CAG TTG AAT CTG[@b0225]N2 targetFAM-ACAATTTGCCCCCAGCGC TTCAG-BHQ1TTA CAA ACA TTG GCC GCA AAGCG CGA CAT TCC GAA GAA'N3 targetFAM-AYCACATTGGCACCCGCA ATCCTG-BHQ1GGG AGC CTT GAA TAC ACC AAA ATGT AGC ACG ATT GCA GCA TTGFrance Pasteur InstituteRdRP1 targetHEX-AGATGTCTTGTGCTGCCG GTA-BHQ1ATGAGCTTAGTCCTGTTGCTCCCTTTGTTGTGTTGT[@b0535]RdRP2 targetFAM-TCATACAAACCACGCCAG G-BHQ1GGTAACTGGTATGATTTCGCTGGTCAAGGTTAATATAGGJapan National Institute of Infectious DiseaseN geneFAM-ATGTCGCGCATTGGCATG GA-BHQAAATTTTGGGGACCAGGAACTGGCAGCTGTGTAGGTCAAC[@b0540]Germany CharitéRdRP geneFAM-CAGGTGGAACCTCATCAG GAGATGC-BBQGTGARATGGTCATGTGTGGCGGCARATGTTAAASACACTATTAGCATA[@b0230]E geneFAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQACAGGTACGTTAATAGTTAATAGCGTATATTGCAGCAGTACGCACACAThailand National Institute of HealthN geneFAM-CAACTGGCAGTAACCA-BQH1CGTTTGGTGGACCCTCAGAT-CCCCACTGCGTTCTCCATT[@b0545]Hong Kong UniversityORF1b-nsp14 geneFAM-TAGTTGTGATGCWATCATGACTAG-TAMRATGGGGYTTTACRGGTAACCTAACRCGCTTAACAAAGCACTC[@b0550]N geneFAM-GCAAATTGTGCAATTTGCGG-TAMRATAATCAGACAAGGAACTGATTACGAAGGTGTGACTTCCATGFig. 1The diffferent positions of amplicon targets on SARS-CoV-2 genome. Wuhan-Hu-1 genome (GenBank MN908947) as a reference. ORF: open reading frame; RdRp: RNA-dependent RNA polymerase gene; S: spike protein gene; E: envelope protein gene; M: membrane protein gene; N: nucleocapsid protein gene.

Although various institutions have developed different protocols for SARS-CoV-2 testing, it remains unclear whether the results from nucleic acid tests based on different targets are comparable. Chantal et al. [@b0235] used RNA transcripts isolated from a COVID-19 patient to compare the analytical sensitivities of four qRT-PCR assays established in the United States, Germany, Hong Kong and China, respectively. The study found that SARS-CoV-2 could be detected in all primer-probe sets applied in the qRT-PCR tests, but significant discrepancy was observed in the detection limit and the ability to identify negatives and positives with a lower viral load. The primer-probe sets with the highest sensitivity were found in E-Sarbeco (Germany), 2019-nCoV_N1 (United States), and HKU-ORF1 (Hong Kong), but the lowest sensitivity was observed in RdRp-SARSr (Germany), which may be related to the mismatch in the reverse primer [@b0235]. Besides, Konrad et al. compared qRT-PCR tests in different PCR systems and a commercial reagent using nasopharyngeal swab or sputum samples from COVID-19 patients in Germany [@b0240]. When the same primers and probes were used, the distinctions in analytical sensitivities between different PCR systems were also observed. They found that the E gene target was more sensitive than the RdRp target when using a one-step qRT-PCR system. However, the high background of E gene target hindered the clear evaluation of the test, and further optimization of E gene assay may improve the sensitivity.

### 4.1.2. Nested RT-PCR {#s0035}

Real-time nested RT-PCR assay that connects the time-saving real-time instruments with high sensitivity of nested PCR has proven to be suitable for detecting low-copy-number SARS coronaviruses that present in the early stage of disease [@b0245], [@b0250]. In the early days of the outbreak, the detection of SARS-CoV-2 by nested RT-PCR method has been verified in Japan. As of 8 February 2020, the method developed has successfully identified 25 positive patients in Japan [@b0255]. Recently, Ji et al. designed a one-step nested real-time RT-PCR (OSN-qRT-PCR) assay for targeting SARS-CoV-2 ORF1ab and N genes. The sensitivity of the assay was 1 copy/test and 10-fold higher than that of a commercial qRT-PCR assay (10 copies/test). Among 181 clinical samples, 14 samples with qRT-PCR-negative were confirmed by OSN-qRT-PCR. In addition, 7 samples with qRT-PCR- positive in the gray zone were confirmed to positive by OSN-qRT-PCR [@b0260]. Compared with the qRT-PCR kit, nested RT-PCR analysis showed higher sensitivity and specificity, indicating that it is more suitable for clinical application to detect SARS-CoV-2 in cases with low viral load. However, nested RT-PCR can cause laboratory cross-contamination, which may lead to false-positive results [@b0265].

### 4.1.3. Droplet digital PCR {#s0040}

Droplet digital PCR (ddPCR) has been shown to improve the lower LOD, sensitivity and accuracy in detecting SARS-CoV-2 [@b0270], [@b0275]. Suo et al. analyzed the feasibility of ddPCR for SARS-CoV-2 RNA detection compared with qRT-PCR using the same primer/probe sets issued by China CDC targeting ORF1ab or N gene. 26 COVID-19 patients with negative RT-PCR results were confirmed positive by ddPCR. The sensitivity and accuracy were improved from 40% and 47% for RT-PCR to 94% and 95% for ddPCR, respectively. Within 5--12 days after discharge, 6/14 patients (42.9%) were demonstrated to positive by ddPCR [@b0275]. The study demonstrated that ddPCR could largely reduce the false negatives results caused by qRT-PCR. The team further stringently analyzed the performance of ddPCR and qRT-PCR using 8 primer/probe sets with the same samples and conditions. The results showed that all the 8 primers/probes used in qRT-PCR were unable to significantly distinguish positive and negative at low viral load (10^−4^ dilution). False-positive results of qRT-PCR tests of US CDC-N1, N2 and China CDC-N primers/probes sets were discovered. In contrast, the overall performance of ddPCR was significantly better than qRT-PCR, especially for samples with low viral load [@b0270]. However, ddPCR also has some shortcomings. To ensure commutability between molecular diagnostic laboratories, gold standards or calibrant materials still need to be precisely defined. Besides, ddPCR is currently more costly than qRT-PCR for each test performed using dedicated instruments and consumables.

4.2. Rapid and point-of-care nucleic acid tests {#s0045}
-----------------------------------------------

### 4.2.1. Loop-mediated isothermal amplification {#s0050}

Loop-mediated isothermal amplification (LAMP) has the advantages of rapid amplification at a single temperature, which is efficient in the rapid and reliable diagnosis of CoVs. Zhang et al. designed full LAMP primers targeting the 5′ region of the ORF1a and N genes of SARS-CoV-2 and detected by a visual, colorimetric RT-LAMP alongside a commercial RT-PCR assay. Six of seven samples exhibited visible color change suggesting positive amplification, while the single sample remained pink color and was confirmed negative. The colorimetric RT-LAMP analysis was 100% consistent with RT-PCR results across a range of Cq values, and matched with RT-PCR in the field and point-of-care settings without sophisticated instrumentation [@b0280]. Yu et al. [@b0285] developed an isothermal LAMP-based detection method for ORF1ab gene --(isothermal LAMP-based method for COVID-19, ILACO). ILACO showed species-specificity by sequence comparison of 11 respiratory viruses (including 7 similar CoVs, 2 influenza viruses and 2 normal CoVs). In addition, iLACO\'s sensitivity was comparable to that of Taqman-based RT-PCR, which was able to detect as low as 10 copies of SARS-CoV-2. Besides. Mohamed et al. described a highly sensitive, point-of-care test based on LAMP and nested-like amplification assay, rapid isothermal amplification assay (Penn-RAMP) [@b0290]. The sensitivity of RAMP was 10 times better than that of LAMP and RT-PCR for testing purified targets, and 100 times better than that of LAMP and RT-PCR for samples with minimally processed. This method is suitable for use at home, point-of-care and in the clinic with the least trained using and the least instrumentation. It has the potential to reduce false negatives from routine nucleic acid tests.

### 4.2.2. Nanoparticles-based amplification {#s0055}

Nanoparticles have been introduced to the nucleic acid amplification system to enhance the sensitivity and specificity of SARS-CoV-2 detection [@b0285], [@b0295], [@b0300]. Parikshit et al. designed a naked-eye colorimetric test based on gold nanoparticles (AuNPs) with thiol-modified antisense oligonucleotides (ASOs) targeting the SARS-CoV-2 N-gene. The limit of detection (LOD) was found to be 0.18 ng/μL of SARS-CoV-2 viral load [@b0300]. In addition, a LOD of 12 copies/test was observed in a one-step nanoparticles-based biosensor (NBS) coupled with RT-LAMP [@b0295]. Among laboratory-confirmed COVID-19 patients, the analytical sensitivity of SARS-CoV-2 was 100% (33/33) in the oropharynx swab specimens, and the specificity of the assay was also 100% (96/96) when analyzed the RNA templates from non-COVID-19 patients. The unique properties of nanoparticles give them an advantage over traditional methods that are usually expensive and laborious. Nanoparticles-based amplification is a promising method for diagnosing SARS-CoV-2 infection in first-line clinical laboratories, especially in areas with challenged medical resources. However, Nanoparticles-based amplification is more expensive than qRT-PCR and the pretreatment steps are complex. Beside, as with any system using traditional organic carriers, the risk of photobleaching may lead to reduced sensitivity and false-negative results [@b0305].

### 4.2.3. Portable benchtop-sized analyzers {#s0060}

The automated molecular diagnostic platform demonstrates a highly sensitive, powerful and accurate method for the rapid identification of SARS-CoV-2. Even in a laboratory without PCR training or point-of-care testing, the assay also can achieve rapid decisions and technological innovation. The inconsistent performance of the different portable benchtop-sized analyzers for SARS-CoV-2 detection was reported.

Benoit et al. evaluated the QIAstat-Dx Respiratory SARS-CoV-2 Panel for SARS-CoV-2 detection. This platform showed a comparable sensitivity to RT-PCR with a LOD at 1000 copies/mL. In 69 clinical samples analysis, the overall consistent percentage of QIAstat-DX SARS and RT-PCR recommended by WHO was 97%, with a specificity of 93% (27/29) and a sensitivity of 100% (40/40). No cross-reactions of other respiratory viruses or bacteria were observed in this assay [@b0310]. The results indicated that QIAstat-Dx Respiratory SARS-CoV-2 Panel has a comparable sensitivity to RT-PCR assay.

Rhoads et al. found that there is a 94% positive percent agreement (PPA) between the ID NOW tests and an improved test developed by the CDC laboratory [@b0315], while other assessments indicated that ID NOW has a lower PPA, ranging from 75% to 87%, compared with the laboratory-developed reference methods [@b0320], [@b0325], [@b0330]. Compared to Xpert Xpress assay (\~46 min) and ePlex assay (\~1.5 h), ID NOW generates the fastest detection time for each sample (\~17 min), but it comes at the expense of analysis and clinical performance, with the highest LOD and the lowest PPA [@b0335]. In addition, Stephanie et al. showed the specificity of this assay was 100%, but 13 of the 46 SARS-CoV-2 positive samples were false-negative resulting in a lower sensitivity of 71.7%. All of the false-negatives equal to those weak positive samples [@b0035]. This indicates that ID NOW has acceptable performance for samples contain high or moderate viral RNA, but may lack sensitivity when performing weakly positive samples.

Femke et al. evaluated Xpert Xpress point-of-care assay (Cepheid GeneXpert systems) for targeting SARS-CoV-2 E-gene and N2-gene in three medical laboratories in the Netherlands. The assay can detect SARS-CoV-2 with a LOD of 8.26 copies/mL in all three laboratories [@b0340]. While Wei et al. reported Xpert Xpress test for targeting SARS-CoV-2 E-gene and N2-gene with a LOD of 100 copies/mL [@b0335]. This difference may be caused by the different methods used to determine the input concentration and requires further verification. In Wei's study, Xpert Xpress had the lowest LOD (100 copies/mL) compared to ID now (20,000 copies/mL) and ePlex (1000 copies/mL), and highest PPA (98.3%) compared to ID now (87.7%) and ePlex (91.4%). The information about inconsistent performance in these assays and workflow is vital to make timely and informed decisions on laboratory testing platform.

5. Antigen tests for diagnosis of COVID-19 {#s0065}
==========================================

SARS-CoV-2 consists of multiple virus-encoded proteins, including S, N, E, and M proteins. Among those proteins, S and N were the two main antigenic targets of SARS-CoV-2 antibodies [@b0345]. Under the action of a host cell furin-like protease, the S protein is sliced into two separate polypeptides in most CoVs, S1 and S2 [@b0350]. Although S protein is critical for virus entry and exists on the surface of the virus, N protein is the most richly expressed immune dominant protein that interacts with RNA and is more conserved than S protein [@b0350]. Within S protein, the S1 submit is less conserved and more highly specific to SARS-CoV-2, suggesting S1 submit is more specific than full-length S or S2 submit as an antigen for COVID-19 serologic detection [@b0350]. In addition, the RBD domain of S1 protein, is more conserved than S1 or full-length S, and has much less cross-reactivity with other CoVs [@b0355]. Multiple forms of N protein or S protein (full-length S, S1 domain, S2 domain or receptor-binding domain \[RBD\]) --- are used as targets [@b0350], [@b0355], [@b0360], [@b0365], [@b0370].

Immunochromatographic assay is the most commonly used method for the detection of SARS-CoV-2 antigens [@b0370], [@b0375]. Thomas et al. compared four lateral flow antigen-detection kits (RapiGEN, Liming bio, Savant, and Bioeasy) for the detection of SARS-CoV-2 and showed test performances with significant differences. Among these tests, the Bioeasy test showed the highest accuracy of 89.2% and Kappa coefficient of 0.8, while Liming bio test was discontinued during testing because of poor performance. Sensitivities of other kits ranged from 16.7% for the Savant assay to 85% for the Bioeasy test [@b0375].

Compared with the lower sensitivity of immunochromatography, highly sensitive biosensors-based tests have been demonstrated in the detection of SARS-CoV-2. Sophie et al. developed a portable, rapid cell-based biosensor with a human chimeric spike S1 antibody for detection of the SARS-CoV-2 S1 protein [@b0380]. The biosensor allows tests completed within 3 min with a detection limit of 1 fg/mL and a semi-linear response range of 10 fg to 1 µg/mL. Similarly, Subhasis et al. constructed a biosensor device (eCovSens) to target SARS-CoV-2 S1 protein and compared it with a commercial potentiostat sensor. The LOD were found 90 fM for eCovSens and 120 fM for commercial potentiostat sensor in saliva samples [@b0365]. These platforms can be used to monitor SARS-CoV-2 antigen on a large scale, providing a promising scheme for timely monitoring and eventual control of the global pandemic.

6. Antibody tests for diagnosis of COVID-19 {#s0070}
===========================================

With specific reagents, individual antibody types, like IgG, IgM, and IgA, can be determined. After SARS-CoV-2 infects the human body, IgM antibody can be produced within 5--7 days and is most useful for determining recent infection, while IgG antibody can be produced within 10--15 days and may remain detectable for months or years [@b0040]. IgA is important for mucosal immunity and can be detected in mucous secretions within 6--8 days [@b0385], though its significance in this disease is still to be determined.

In cases where RT-PCR assays are negative and there is a strong epidemiological link to SARS-CoV-2 infection, paired serum samples (in the acute and convalescent-phase) could support diagnosis once validated serology tests are available with the initial samples collected in the first week of COVID-19 and the second collected after 2--4 weeks [@b0140]. Tests that detect binding antibodies fall into two broad categories, laboratory tests and point-of-care tests. A comparison of different serology tests for the detection of SARS-CoV-2 is shown in [Table 1](#t0005){ref-type="table"}. The performance of currently available detection tests is compared in [Table 3](#t0015){ref-type="table"} .Table 3The performance comparison analysis of serological detection tests.TestsDetected antibodiesSpecificitySensitivity (0-7d)Sensitivity (8-14d)Sensitivity (\>=15d)Total SensitivityReferenceEuroimmun (ELISA)IgA86.1%65.5%87.09%93.93%83.65[@b0420]IgG98.6%17.2%66.12%90.9%61.7%IgA or IgG87.5%65.5%88.7%93.93584.4%Maglumi™ (CLIA)IgM100.0%14.3%64.51%87.5%58.7%[@b0420]IgG100.0%7.1%54.8%87.5%53.2%IgM or IgG100.0%17.9%69.4%93.8%64.3%Alltest (LFA)IgM100.0%21.1%19.0%60.0%28.9%[@b0435]IgG100.0%21.1%33.3%86.7%60.0%IgM or IgG100.0%26.3%42.9%93.3%64.4%Clungene (LFA)IgM91.3%16.2%42.3%55.3%39.2%[@b0440]IgG98.1%29.7%60.3%97.4%62.1%IgM or IgG90.3%35.1%64.1%97.4%65.4%IgM and IgG99.0%10.8%38.5%55.3%35.9%OrientGene (LFA)IgM95.1%40.5%75.6%97.4%72.5%[@b0440]IgG93.2%40.5%69.2%92.1%68.0%IgM or IgG91.3%46.0%80.8%97.4%76.5%IgM and IgG97.1%35.1%64.1%92.1%64.1%VivaDiag (LFA)IgM100.0%35.1%64.1%97.4%65.4%[@b0440]IgG99.0%35.1%60.3%94.7%62.8%IgM or IgG99.0%35.1%64.1%97.4%65.4%IgM and IgG100.0%35.1%60.3%94.7%62.8%StrongStep (LFA)IgM99.0%10.8%33.3%50.0%32.0%[@b0440]IgG99.0%32.4%64.1%97.4%64.7%IgM or IgG98.1%35.1%66.7%97.4%66.7%IgM and IgG100.0%8.1%30.8%50.0%30.1%Dynamiker (LFA)IgM95.1%46.0%66.7%97.4%69.3%[@b0440]IgG99.0%27.0%61.5%94.7%61.4%IgM or IgG95.2%46.0%66.7%97.4%69.3%IgM and IgG99.0%27.0%61.5%94.7%61.4%Multi-G (LFA)IgM91.3%27.0%44.9%57.9%43.8%[@b0440]IgG97.1%29.7%65.4%97.4%64.7%IgM or IgG88.3%43.2%71.8%97.4%71.2%IgM and IgG100.0%13.5%38.5%57.9%37.3%Prima (LFA)IgM93.2%43.2%56.4%68.4%56.2%[@b0440]IgG90.3%40.5%71.8%100.0%71.2%IgM or IgG85.4%56.8%79.5%100.0%79.1%IgM and IgG98.1%27.0%48.7%68.4%48.4%pGOLD assay (Nano-Plasmonic Platform)IgM99.8%43.8%66.7%100.0%77.1%[@b0555]IgG99.8%12.5%47.6%100.0%64.3%IgM and IgG99.8%43.8%66.7%100.0%77.1%

6.1. Manual laboratory-based antibody tests {#s0075}
-------------------------------------------

### 6.1.1. Enzyme-linked immunosorbent assay {#s0080}

Niko et al. compared the performance of Vircell COVID-19 IgG (recombinant N protein) and Euroimmun SARS-CoV-2 IgG (recombinant S protein) assays at different stages of SARS-CoV-2 infection. The sensitivity was 70.6% for Vircell ELISA for and 58.8% for Euroimmun ELISA on days 5--9 after PCR-confirmed COVID-19. During 10--18 days after confirmation, the sensitivity was 100% for Vircell ELISA and 93.8% for Euroimmun ELISA [@b0390]. Similarly, Liu et al. evaluated two ELISA kits based on SARS-CoV-2 S protein and N protein for detecting IgG and IgM antibodies. The team detected SARS-CoV-2 IgG antibodies in less than 60% of samples using S protein-based ELISA test on 6--10 days after the onset of the disease, and the sensitivity of the sample increases to \>90% on 16 to 20 days after onset [@b0395]. In addition, the sensitivity of 74.3% and 77.1% for S protein-based IgG and IgM ELISA, of 70.1% and 68.2% for N protein-based IgG and IgM ELISA, respectively. The overall sensitivity of the S protein-based and N protein-based ELISA tests were 82.2% and 80.4%. A higher sensitivity was observed in S protein-based ELISA compared to N protein-based ELISA [@b0395].

### 6.1.2. Immunofluorescence assay {#s0085}

SARS-CoV-2 IgM and IgG antibodies in serum from the first COVID-19 case in Finland were identified by Immunofluorescence assay (IFA). The patient\'s serum was continuously diluted and incubated for 30 min for IgG and 2 h for IgM in Vero E6 cells. Although the antibodies were not detected on day 4 since the first symptoms, IgM and IgG titer both increased to 1:80 on day 9, 1:32 and 1:128 on day 20, respectively. The serum samples from the control group were not observed specific binding at dilutions greater than 1:20 [@b0400]. Niko et al. compared the performance of IFA and neutralization assays at different stages of SARS-CoV-2 infection. The sensitivity of IFA and neutralization assays increased from 76.5% on days 5--9 after confirmation by PCR to 100% on days 10--18 [@b0390]. Although IFA is promising in early diagnosis, non-specific fluorescence may lead to a wrong judgment and the sensitivity of this approach needs to be further evaluated.

### 6.1.3. Chemiluminescence immunoassay {#s0090}

Chemiluminescence immunoassay (CLIA) is one of the most popular immunology assays in identifying infectious diseases with the advantage of quantitative detection. The advantage of CLIA has recently been demonstrated in the detection of SARS-CoV-2 [@b0405], [@b0410], [@b0415], [@b0420]. Cai et al. developed a peptide-based Magnetic Chemiluminescence Enzyme Immunoassay (MCLIA) to detect SARS-CoV-2 antibodies against ORF1a/b, N and S proteins [@b0415]. The sensitivity of IgM and IgG was 57.2% and 71.4%, respectively. A combination of IgM and IgG increased the detection rate to 81.5%. Isabel et al. evaluated Maglumi™ IgG/IgM CLIA assay and other four rapid IgG/IgM tests (three LFA tests and one ELISA test) for the detection of SARS-CoV-2 IgG, IgM and IgA antibodies in serum samples from 128 COVID-19 patients confirmed by RT-PCR. Compared with the Euroimmun IgG/IgA ELISA assay, the Maglumi™ IgG/IgM CLIA assay shows a lower overall sensitivity (84.4% vs. 64.3%). Both assays exhibited very similar specificities of IgG, which were 99% and 100% for ELISA and CLIA assays, respectively [@b0420].

6.2. Rapid and point-of-care antibody tests {#s0095}
-------------------------------------------

### 6.2.1. Lateral flow assay {#s0100}

The qualitative or semi-quantitative detection for SARS-CoV-2 IgM and IgG antibodies in serum, plasma and venous blood samples in vitro were proved by Lateral flow assay (LFA) [@b0425], [@b0430], [@b0435], [@b0440]. Isabel et al. evaluated three IgG/IgM LFA tests (Avioq, QuickZen and LaboOn Time) and two quantitative automated immunoassays (Euroimmun IgG/IgA ELISA test and Maglumi™ IgG/IgM CLIA assay) for the detection of SARS-CoV-2 IgG, IgM and IgA antibodies in serum samples from 128 COVID-19 patients confirmed by RT-PCR. The test presented a specificity of 100% in the analysis of negative control samples. The overall sensitivity of the three LFA tests was approximately 70% and no significant difference was observed. The sensitivity of all tests increased during the second week after the onset of symptoms, and all tests achieved a similar level of sensitivity (91% to 94%) after 14 days [@b0420].

Jan et al. evaluate the diagnostic performance of 7 IgG/IgM LFA kits and the Euroimmun IgG/IgA ELISA test for detecting SARS-CoV-2 antibodies in COVID-19 patients. The specificity, sensitivity and dynamic trend to seropositivity were analyzed from 103 negative controls and 94 RT-PCR-confirmed COVID-19 patients. The specificity of LFA test was ≥90.3% for IgG, ≥ 91.3% for IgM, ≥ 85.4% IgM or IgG, and ≥97.1% for the combination IgM and IgG. The specificity of the ELISA test was 96.1% for IgG and only 73.8% for IgA. The sensitivity (14--25 days after onset of symptoms) of IgG LFA was ≥92.1%, while that of IgG ELISA was 89.5%. The positivity of IgM antibody for LFA yielded a decrease in specificity compared to IgG antibody alone and does not improve diagnostic performance [@b0440]. The study indicated that measuring only LFA IgG can avoid false-positive results of IgM.

### 6.2.2. Microarray and microfluidic chip {#s0105}

Microarray and microfluidic platforms can be easily converted to point-of-care settings by portability, miniaturization, automation and integration of multiple functions onto chips. With small size, high sensitivity, and high throughput analysis, microarray and microfluidic chips are powerful tools for pathogen identification. Rafael et al. describe an antigen microarray containing 65 antigens that are causes of acute respiratory infections from SARS-CoV-2, SARS-CoV, MERS-CoV, and other common respiratory viruses. The SARS-CoV-2 antigens coated on this array include N protein, S protein, RBD, S1 and S2 domains. The samples of confirmed COVID-19 cases were highly reactive to SARS-CoV-2 antigens, and the reactivity in IgG is more obvious than IgA. Similar to IgG, IgA showed higher reactivity to SARS-CoV-2 N protein, S2 domain, and full-length S, cross-reactivity with SARS-CoV N protein, but not with MERS-CoV antigens [@b0445]. The team further developed a modular microarray imaging system for the detection of SARS-CoV-2 antibody. The imaging platform can produce similar results to the commercial imager (ArrayCAM 400-S, Grace Biolabs), which are 100 times more expensive. Linear regression analysis of microarray fluorescence intensities revealed R-squared values \> 0.85 between different imaging platforms. This platform has the advantages of low-cost, high-throughput, and can handle more than 100,000 samples, potentially valuable for serosurveillance in COVID-19 patients [@b0450]. In addition, Tan et al. designed a microfluidic ELISA test for quantitative detection of SARS-CoV-2 S1 protein and anti-SARS-CoV-2 S1 IgG using humanized SARS-CoV-2 IgG and recombinant S1 protein, respectively. The lower LOD of 2 ng/mL for anti-SARS-CoV-2 S1 IgG and of 0.4 ng/mL for S1 antigen was achieved in serum [@b0455]. These studies demonstrated high performance of analyzing SARS-CoV-2 specific antibodies and antigens in COVID-19 patients by microarray and microfluidic chip. However, some proteins on the microarray were observed not expressed in mammalian cell systems and need to be further optimized [@b0460].

7. Virological tests {#s0110}
====================

As the gold standard for virological diagnosis, a culture-based virus detection is an important tool for virus discovery, pathogenesis research and strategy evaluation. Neutralization tests evaluated the capacity of serum from COVID-19 patients to reduce cytopathic effects (CPE) caused by SARS-CoV-2 susceptible cells in vitro. It involves incubating the serum or plasma with live virus followed by infection and incubation of cells. It mainly includes virus neutralization tests (VNT) and pseudovirus neutralization tests (PVNT) [@b0465].

The first COVID-19 case in Finland was confirmed by cytopathic effect (CPE)-based VNT to analyze SARS-CoV-2 antibody levels. At day 9--10 after the first symptom onset, an increase of at least 4-fold in the neutralizing antibodies was observed, and the titer of antibodies was still increasing on day 20 [@b0400]. Wang et al. found that the titers of antibodies bind to N and S proteins was observably higher in severe patients. Meanwhile, the average titers of neutralizing antibody against SARS-CoV-2 pseudovirus and live virus was higher in the sicker cases, by \~5-fold and \~7-fold, respectively [@b0470]. Renata et al. detected the ability of serum from COVID-19 patients to reduce the CPE caused by SARS-CoV-2 infection of susceptible cells by a micro-neutralization assay. Neutralizing antibodies were detected in 16 out of 20 patients, with titers ranging from 10 to 1920. There is a strong positive correlation between neutralizing antibody titers and total SARS-CoV-2 IgG antibody levels in COVID-19 patients were observed. In addition, anti-S1-IgA, anti-S1-IgG and anti-N-IgM levels were also related to the neutralizing antibody titers of SARS-CoV-2. These studies indicating that SARS-CoV-2 antibody titers in COVID- 19 patients may reflect the capacity of serum to neutralize SARS-CoV-2 [@b0475].

Focusing on IgG antibodies, the performance of in-house plaque reduction neutralization test (PRNT), in-house IFA, Euroimmun ELISA, Vircell ELISA and FaStep LFA were analyzed. In the early stages of infection, the sensitivity to PRNT and IFA tests was 76.5%, higher than two ELISA tests and LFA test. At the later stage of 10--18 days, IFA, PRNT and Vircell ELISA showed a sensitivity of 100%, while the Euroimmun ELISA and Assure LFA of 93.8% [@b0390]. The study demonstrated the superior sensitivity of the neutralization test in the diagnosis of COVID-19. Neutralization assay is specific for SARS-CoV-2 antibodies and could be used to monitor patient immunity to the virus. However, compared with serological tests, neutralization tests are long-period, laborious, expensive, time-consuming, and limited to perform in biosafety level 3 (BSL-3) or BSL-2 laboratories.

8. Genomic sequencing in SARS-CoV-2 {#s0115}
===================================

Genomic sequencing of viruses is a powerful tool for analyzing virus evolution, and genetic association to diseases, tracking outbreaks and developing new therapies and vaccines. As of March 2020, hundreds of SARS-CoV-2 genomes were released on public databases including Global initiative on sharing all influenza data (GISAID), NCBI GenBank and China National GeneBank DataBase (CNGBdb). At present, sequencing methods of SARS-CoV-2 include metatranscriptomics sequencing [@b0135], hybrid capture-based sequencing [@b0480], amplicon sequencing [@b0480], and nanopore targeted sequencing [@b0485]. The advantages and disadvantages of SARS-CoV-2 genomic sequencing are shown in [Table 1](#t0005){ref-type="table"}.

The first research team got the SARS-CoV-2 genomic sequences by metatranscriptomic sequencing, supplemented by PCR and Sanger sequencing of a connection between BALF and virus culture [@b0040], [@b0065] or from BALF directly [@b0055], [@b0165]. Lu et al. obtained ten genome sequences of SARS-CoV-2 from nine patients' BALF and culture samples by metatranscriptomic sequencing. The ten genome sequences were nearly identical, displaying more than 99.98% sequence identity [@b0065]. This finding indicates that SARS-CoV-2 may originate from the same source within a short period. In addition, it was reported that whole-genome sequences of SARS-CoV-2 from nasopharyngeal and oropharyngeal samples from a COVID-19 case by Sanger and metatranscriptomic sequencing with both MinIon and Illumina in the United States [@b0135]. The entire genome sequences of the nasopharyngeal and oropharyngeal samples were identical to each other and were highly similar to other available SARS-CoV-2 sequences.

Although the amplicon sequencing and hybrid capture sequencing with high sensitivity but low accuracy, and neither of them can be applied to sequence viruses with highly diverse or recombinant due to primers and probes are designed to the known viral genomes [@b0480]. Compared with metatranscriptomic sequencing, the results of amplicons and capture sequencing showed that significant increases in the ratio of SARS-CoV-2 reads out of the total reads, which indicates the enrichment was efficient 5710-fold in amplicon sequencing and 5596-fold in hybrid capture sequencing for each specimen on average. The alleles identified by hybrid capture sequencing showed lower frequencies than amplicon sequencing and metatranscriptomic sequencing, especially for viruses with lower load. Capture sequencing neglected a single nucleotide variation (SNV) when the cutoff of SNV calling was set as 80% allele frequency [@b0480].

Combining the strengths of target amplification and long-read, real-time nanopore sequencing, nanopore targeted sequencing was established to simultaneously detect SARS-CoV-2 and 10 types of other respiratory viruses at LoD of 10 copies/ml. NTS identified positive to 22 of 61 suspected COVID-19 specimens that were either negative or inconclusive by RT-PCR. Screening mutations showed that 4 of 19 throat swab samples from COVID-19 patients were found single-nucleotide mutations at seven sites [@b0485]. These findings suggested that NTS is suitable for the identification and mutation monitoring of SARS-CoV-2 from clinical samples.

9. Biosafety precaution and protection {#s0120}
======================================

Laboratory diagnosis of clinical specimens from suspected or confirmed COVID-19 patients should be conducted adopting practices and procedures described by WHO [@b0490]. Specimen collection, storage, packaging, and transportation under standard operating procedures. SARS-CoV-2 was detected in unusual types of specimens such as saliva and conjunctival swabs [@b0180], [@b0185], [@b0190], [@b0200], so it is recommended that all specimens collected for laboratory investigation should be considered potentially infectious. RNA extraction, nucleic acid amplification assays and sequencing should be conducted in BSL-2 laboratory, while neutralization assays and virus culture should be carried out in BSL-3 or BSL-2 laboratory [@b0140].

According to the current evidence, COVID-19 virus is primarily transmitted between people via respiratory droplets and contact routes. The droplets can also be deposited directly on individual next to the infected case. Hence, washing hands frequently and keeping a distance of at least one meter are considered the main measure to prevent infection [@b0495]. Personal protective equipment (PPE) can protect people against infection, especially in susceptible people. PPE recommended by WHO include medical masks, gloves, gowns, goggles or a face shield, respirators and aprons [@b0500]. Among the general public, persons with respiratory symptoms or those caring for COVID-19 patients at home should receive medical masks, but N95 respirators is not recommended [@b0505]. Using N95 masks compared with the use of medical masks was not related to any statistically significant lower risk of laboratory-confirmed viral infections [@b0510], [@b0515]. With the development of globalization, emerging infectious diseases continually occur and may cause an outbreak globally. Understanding biosecurity and personal protection can prepare for the prevention and control of emerging infectious diseases.

10. Conclusion {#s0125}
==============

COVID-19 has caused a large-scale epidemic in countries around the world and posed a serious threat to international health. The rapid and early laboratory diagnosis is critical to diagnose infection and control transmission. As the gold standard test for SARS-CoV-2 identification, RT-PCR is the routine confirmation test performed by WHO. Although RT-PCR is designed for conserved regions of the viral genome, RNA viruses display a large number of genetic variations, mismatches between primers, probes, and target sequences may lead to reduced detection performance and false-negative results. Serological surveys can aid the investigation of an ongoing outbreak and retrospective assessment of the attack rate or extent of an outbreak. Detection of SARS-CoV-2 IgM and IgG antibody in vivo as a supplement to molecular diagnostic methods. However, serological tests require seroconversion and cannot be applied to early infection.

Laboratory-based tests both for molecular and immunological tests are not suitable for point-of-care diagnosis due to time-consuming, expensive equipment and biosafety requirements. Point-of-care tests are not only suitable for clinical laboratories, but also performed by trained non-laboratory personnel in patient care facilities, such as physicians\' offices or Emergency Departments, making the diagnostic test of SARS-CoV-2 closer to the patient. Portable benchtop-sized analyzers for molecular tests such as Xpert Xpress assay and ID NOW with the advantage of automatic, portable, rapid and not requires trained staff, should be recommended for real-time patient management and infection control decisions. Lateral flow immunoassay is the widely used serological test for point-of-care detection, but the performance of commercial kits still need to be improved. In conclusion, serological tests can serve as indicators of the spread of the virus, while RT-PCR tests can show who is currently infected with the disease. A combination of molecular and serological tests is needed to improve the diagnostic accuracy of COVID-19.
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